We estimated the effects of long-term storage at ؊70°C on serum total cholesterol, HDL-cholesterol, and triglycerides in specimens that had been stored for up to 7 years. These estimates were made using measurements in serial specimens collected from the placebo control group of the Air Force/Texas Coronary Atherosclerosis Prevention Study over a period of ϳ5 years. We compared the group means for pairs of serial specimens taken at 6-and 12-month intervals, assuming that (a) a negligible placebo effect occurred between the serial specimen pairs; (b) in the absence of storage effects, the variation in the group means would reflect only normal biological variation and would not materially affect the group means for the serial specimens; (c) any systematic changes in these group means would reflect storagerelated changes; and (d) storage-related changes are cumulative, i.e., the overall changes for a given storage period are the sum of the changes during previous storage periods. We observed average decreases of 2.0% per year for total cholesterol over 7 years and 2.8% per year in triglycerides for the first 5 years. HDL-choles-terol decreased by 1.3% per year, but this change was not statistically significant. This approach may be useful for estimating storage-related changes for studies in specimens stored for a period of years and for which stability data may not be available.
It is a common and important practice, particularly in large clinical and epidemiological studies, to provide for the long-term storage of one or more aliquots of serum or plasma from study participants. Samples to be stored usually are from critical visits, e.g., baseline, randomization, annual, and final visits, and are commonly stored at ultra-low temperatures, i.e., at Ϫ70°C or lower. Such samples can be useful if, for logistical, analytical, or economic reasons, particular measurements must be delayed or made in batch mode. They also afford a particularly cost-effective way to collect additional information on well-characterized populations that may have undergone particular interventions as new analytes of interest emerge. This approach has been used both for casecontrol studies (1) (2) (3) and for establishing populationbased distributions of components such as apolipoproteins (4, 5 ) . In many cases, however, the samples may be used only years after they were originally collected and to measure components for which the long-term stability during storage has not yet been determined (1) (2) (3) (4) (5) . This is generally not thought a major problem in case-control, cross-sectional studies or follow-up studies because, although it may not be true in all cases (6 ) , it can generally be assumed that any deterioration that occurs affects all of the specimens to the same extent. Ideally, the component of interest should either be absolutely stable during the storage period or the rate of deterioration should be known. In practice, this usually is not the case.
Although several investigators have provided informa-tion about the stability of HDL-cholesterol (HDL-chol) 6 during low-temperature storage, such information was available only for periods of several months to ϳ1 or 2 years (7) (8) (9) (10) (11) (12) (13) (14) (15) . In addition, by their nature such studies tend to be conducted under conditions in which specimen collection, handling, and storage are closely controlled and monitored. The extent to which they can be generalized to conditions that may obtain in large-scale, multiyear studies conducted in thousands of subjects is not known. In the present study, we analyzed total cholesterol (TC), triglycerides (TGs), and HDL-chol in serum specimens, collected from several thousand subjects in a large clinical trial, that had been stored at Ϫ70°C for up to 7 years before analysis. This report describes the procedure we used to estimate the stability of serum TC, TGs, and HDL-chol during storage periods up to 7 years.
Materials and Methods specimen collection, storage, and analysis
The Air Force/Texas Coronary Atherosclerosis Prevention Study (AFCAPS/TexCAPS) was a placebo-controlled double-blind study to determine the efficacy of cholesterol and LDL-cholesterol (LDL-chol) lowering on the incidence of first coronary events in a population of middle-aged individuals with moderately increased TC and LDL-chol, and low HDL-chol. Subjects who were potentially eligible for the study were placed on the American Heart Association Step 1 diet for a 2-to 3-month period before randomization. They were then randomly assigned to either a placebo group or a treatment group (16 ) . On the day of randomization, fasting venous serum was obtained from each participant, and aliquots were placed into 5-mL screw-capped polypro-pylene vials designed for specimen storage. These aliquots were frozen and stored at Ϫ70°C at the AFCAPS/ TexCAPS serum bank. Fig. 1 illustrates the time frames in which the baseline and follow-up specimens were collected. The baseline specimens were collected between May 1990 and February 1993. The follow-up specimens were obtained at various times after baseline, as indicated in Fig 1. For example, the 12-month follow-up specimens were collected beginning in 1991. It can be appreciated from Fig. 1 that the longest-term follow-up samples were collected most recently and, therefore, were stored for shorter times, whereas the baseline samples had been stored the longest. None of the stored specimens had been thawed before they were analyzed.
In late 1996, the stored specimens were arranged in batches chronologically according to the draw date of the randomization specimen. All follow-up specimens from subjects assigned to a particular batch were included in that batch. This led to the assembly of 71 batches containing 300 -450 specimens per batch. The batches were then shipped on solid CO 2 and in random order to the Johns Hopkins Lipoprotein Analytical Laboratory over ϳ10 months. Analyses were completed within 1-2 weeks. This sample arrangement and shipment schedule was used for two reasons: (a) It was not practical to analyze the baseline and follow-up specimens in the same order and over the same period in which they had been drawn because this would have required a 5-year period of analysis. It was therefore decided to randomize the shipments. (b) All specimens from an individual were analyzed in the same analytical run to eliminate the effects of among-run variation when examining temporal changes in serial specimens from each of the study groups. For this report, we used data from paired serial measurements in specimens from the placebo group.
The relationships between the length of storage, storage effect, and identities of the visits for the specimens we used to estimate the storage effects are illustrated in Table 1. Storage effect, F n , where n ϭ 1-7, signifies the effects of storage after periods of 0 -1 year (F 1 ), through 6 -7 years (F 7 ). Baseline specimens are designated X 0 , and were drawn during the period 1990 -1993. Thus, some of the baseline specimens, those drawn in 1993, had been stored for 3-4 years before analysis. Those drawn in 1992 had been stored for 4 -5 years before analysis. The remaining baseline samples had been stored for 5-6 and 6 -7 years before analysis, as indicated in Table 1 . Similarly, the 12-month follow-up samples are designated X 12 , and were drawn between 1991 and 1994. They had been stored for periods ranging from 2-3 years (F 3 ), to 5-6 years (F 6 ) before analysis. The follow-up samples from the 30month visit (X 30 ) were drawn in 1995 and had been stored for 1-2 years before analysis (F 2 ). The remaining follow-up samples were drawn in 1995 and 1996, and as indicated in Table 1 , had been stored for 0 -1 year or 1-2 years before analysis.
lipid and lipoprotein analysis
In the Johns Hopkins laboratory, cholesterol and TGs were measured enzymatically as described previously (17, 18 ) . Briefly, cholesterol and TGs were analyzed on a Hitachi 704 automated clinical chemistry analyzer (Boehringer-Mannheim) using reagents supplied by the manufacturer (Cholesterol/HP, cat. no. 704036; Triglyceride/GPO, cat. no. 450028). HDL-chol was measured in the supernatant after precipitation of the apolipoprotein Bcontaining lipoproteins [VLDL, intermediate-density lipoprotein, LDL, and lipoprotein(a)], with heparin and MnCl 2 (final concentrations, 1.3 g/L and 0.046 mol/L), and removal of excess Mn 2ϩ , as described previously (19 ) . The laboratory was standardized for lipid and lipoprotein measurements through the CDC-National Heart, Lung and Blood Institute (NHLBI) Lipid Standardization Program (20 ) . For cholesterol and TGs, bias and imprecision were estimated by the analysis of serum control pools at each of two concentrations every 13 samples. The control pools were obtained from Solomon Park Laboratories, Kirkland, WA, and were provided with reference values assigned by the CDC Clinical Chemistry Standardization Section (Atlanta, GA). Bias and imprecision for HDL-chol were similarly estimated using two serum control pools. The first was provided by Solomon Park Laboratories and had a CDC-assigned HDL-chol concentration of 0.509 g/L. The second had an HDL-chol concentration of 0.360 g/L, and was specially prepared for this study by Pacific Biometrics, Inc., Seattle, WA, one of the laboratories of the National Cholesterol Reference Method Laboratory Network (21 ) . Pacific Biometrics provided the reference value for this pool.
determination of storage effects
The effects of storage on the lipid and lipoprotein measurements were estimated as follows.
First-year storage effects. The 1-year storage effect, F 1, was estimated as the weighted mean from two independent studies. The first was performed by the CDC Clinical Chemistry Standardization Section, and the data were kindly provided by Dr. Myers, CDC. In that study, analyses were performed in 25 fresh serum specimens immediately, and were repeated in aliquots of the same samples after storage at Ϫ70°C for 1 year. The second study was conducted in the Johns Hopkins laboratory. Analyses were performed in 152 fresh serum specimens immediately and after storage at Ϫ80°C for 13-14 months.
Storage effects for longer periods. Using measurements in serial specimens from the AFCAPS/TexCAPS placebo control group, we estimated the storage-related changes likely to occur over various periods. The procedure required the following assumptions:
1. Systematic changes in the group mean resulting from the placebo treatment effect, diet, biological aging of the study subjects, and physiological regression to the mean would be negligible over a 6-month to 1-year period in specimens collected Ն1 year after baseline. Furthermore, because the study subjects had undergone a 2-to 3-month diet-controlled run-in period to allow lipids and lipoproteins to stabilize before the randomization samples were drawn, these effects would expectedly be minimal between the baseline and 12-month follow-up specimens. 2. In the placebo group, the differences between the true values in serial specimens from individual patients would reflect only normal biological variation. Within-subject biological variation for a patient in steady state was assumed to reflect the random fluctuations about the mean value for that patient and to be distributed in a gaussian fashion, an assumption that is in fact, approximated fairly closely (22 ) . Within a group of individuals in the steady state, approximately one-half of the measurements in the second serial specimen can be expected to exceed those in the first specimen, and the other half can be expected to be lower than in the first specimen. Whereas the magnitude of such changes in individuals defines normal biological variation, the net effect of normal biological variation on the group mean should be zero. Furthermore, the larger the study population, the greater is the level of confidence in the net zero effect of normal biological variation. In the present study, all but one of the storage effect estimates made for storage periods beyond 1 year were based on serial specimens from 263-1707 study participants; overall, data from Ͼ3000 participants were used. 3. We assumed a basic additive model to express the relationship among the observed value, the true value, and the storage effect:
Observed value ϭ True value ϩ Storage effect (1)
The data set from which these estimates were made is shown in Table 2 . There were a total of 3285 patients in the placebo group for which baseline specimens were available. Of these, there were 1707 patients with follow-up samples drawn 6 months apart and that had been stored 1-2 years before analysis. As seen in Table 2 , the 30 month-36 month serial paired samples were available for 229 participants, and 36 month-42 month pairs were available for 597 participants. The number of sample pairs from longer term follow-up that had been stored for 1-2 years before analysis are similarly indicated in Table 2 . Thus, six separate estimates of the 1-2 year storage effects could be made. Similarly, there were 263 participants for whom 12 month-30 month pairs were available and that had been stored for 2-3 years before analysis ( Table 2) . Estimates of the effects of storage for longer periods were made using the numbers of baseline-12 month pairs indicated in Table 2 .
estimating storage effect between 1 and 2 years
We estimated the 1-2 year storage effect, F 2 avg , using specimen pairs drawn from the following cells in Table 1 : F 2 X 30 and F 1 X 36 ; F 2 X 36 and F 1 X 42 ; F 2 X 42 and F 1 X 48 ; F 2 X 48 and F 1 X 54 ; F 2 X 54 and F 1 X 60 ; and F 2 X 60 and F 1 X 66 . In this notation, F 2 X 30 indicates the specimens from the 30 month visit that were 1-2 years old at the time of analysis, and F 1 X 36 indicates the specimens from the 36 month visit that were stored Յ1 year when analyzed. Each pair of cells contains serial specimens from the same individuals, and each thus provided a separate estimate of the 1-2 year storage effect, F 2 , and its associated variance. The six estimates were calculated using 84 -597 specimen pairs ( Table 2 ). These estimates were then pooled by weighting their variances to produce the average storage effect (F 2 avg ) between 1 and 2 years. Assuming the additive model indicated above, and using the first member of the first pair of cells listed above: a F 2a avg to F 2f avg denote that six separate estimates of the 1-2 year storage effect, F 2 , were calculated using the number of serial specimen pairs shown for the visits indicated. These estimates were then pooled to calculate the average 1-2 year storage effect, F 2 avg (see text). b Storage effects for storage periods exceeding 2 years (F 1 avg through F 7 avg ) were each calculated from a single available serial sample pair. The numbers of specimen pairs used for each storage period are indicated.
where F 2 X 30 is the observed value after 1-2 years storage; X 30 is the true value in the 30 month specimens when they were originally drawn; and F 2a is the storage effect. Similarly, for the second member of the pair:
and the difference in the observed values in the pair is given as:
Assuming no systematic placebo effect during the period (i.e., participants are in the steady state), (X 30 Ϫ X 36 ) will average zero, and the following relationship should hold:
In other words, an estimate of F 2a , the 1-2 year storage effect, can be obtained by adding the estimate of F 1 to the average of the observed differences in the paired group:
The variance of F 2a avg is given by:
The same procedure was used to derive additional estimates of F 2 from the other five pairs of cells listed above.
These calculations produced six estimates of the 1-2 year storage effect (F 2a avg through F 2f avg ) and their associated variances. The weighted average of these estimates was taken as the best overall estimate of the 1-2 year storage effect, F 2 avg (see Appendix).
estimating storage effect between 2 and 3 years
The specimens in cells F 3 X 12 and F 2 X 30 (Table 1) constituted the only pair available for calculation of F 3 avg , the estimate of the storage effect between 2 and 3 years. In calculations analogous to those above, F 3 avg and its associated variance were calculated as follows, using data from 263 specimen pairs (Table 2) :
where F 2 avg and Var (F 2 avg ) are those calculated above. Note that baseline specimens were not used for estimates of storage effects for up to 3 years of storage (Table 2) .
estimating storage effect between 3 and 4 years and for longer periods
The calculations of the storage effects for longer periods (F 4 to F 7 ) were made similarly, using paired serial specimens from the cell pairs indicated in Tables 1 and 2 , except that data from the Lipid Research Clinics (LRC) Program (23 ) were used to adjust for a possible small placebo-diet effect between the baseline and 12-month follow-up specimens:
One cell pair was available for each of the storage times between 3 and 7 years (Table 1 ).
estimating true values
The regression equations relating storage effects, F 1 avg to F 7 avg estimated as described above, to storage time were then determined by the weighted least-squares method, using the inverse of the variance-covariance matrix of F 1 avg to F 7 avg as the weight (see Appendix). The regression-fitted storage effects were then used to estimate the true values for the specimens using the following rearrangement of Eq. 1 above:
where F n avg (regr) is the storage effect for storage period n as calculated from the regression equation for the particular analyte under consideration. Note that if values decrease with storage, then F n avg (regr) will be a negative number, and the true value will be higher than the value observed after storage time n.
Results

analytical drift
The results of TC, TG, and HDL-chol measurements made in serum control pools in the Johns Hopkins laboratory during the period in which the stored specimens were analyzed are shown in Table 3 . Bias was calculated with respect to CDC reference values. The average percentages of bias (and CVs) for the three primary measurements were as follows: for TC, Ϫ0.8% (1.8%); for TG, Ϫ3.3%, (1.8%); for HDL-chol, the bias (CV) was 0.0% (3.8%) at 0.509 g/L. The absolute bias (CV) was Ϫ0.011 g/L (0.019 g/L) for HDL-chol at 0.36 g/L, and the overall percentage of bias was Ϫ1.5% for HDL-chol. Fig. 2 illustrates the stability of the measurements as a function of time during the 11-month period of analysis. Fig. 2A shows the results of linear regression analyses for TC measurements in the serum control pools with normal or increased concentrations (Table 3) used for this study. The analytical drift for TC was ϳ0.02 g/L from the beginning to the end of the analytical period. Analytical drift for TG ( Fig. 2B ) was ϳ0.01 g/L, and that for HDL-chol was approximately the same (Fig. 2C ). The small amount of drift that occurred was in the positive direction for all three analytes.
storage effects
In the description that follows, we use the term "storage effect" to refer to the combined effects of freezing, per se, and any subsequent changes that occurred during storage.
Clinical Chemistry 46, No. 3, 2000 Estimates of the storage-related changes during the first 1-year period were based on measurements made in 25 specimens at CDC and 152 specimens at Johns Hopkins. The means (SD) and percentages of change for TC and HDL-chol are shown in Table 4 . In both studies, there were no significant changes in TC. HDL-chol did not change significantly in the CDC study, and decreased by 0.009 g/L in the Johns Hopkins study. The change in TGs as estimated from the Johns Hopkins data was used to calculate the F 1 avg value for TG; similar data for TGs were not available from the CDC study. The values of F 1 in Table 4 were used to calculate a weighted mean storage effect (F 1 avg ) for specimens that had been stored for 1 year before analysis.
From the specimen groups available, it was possible to calculate six different estimates of F 2 for each of the measured components. For TC, the estimates ranged from Ϫ0.0485 to 0.0364 g/L. Five of the six estimates were negative, and the weighted estimate for cholesterol was Ϫ0.0370 g/L ( Table 5 ). For HDL-chol, all the estimates were negative, and the weighted estimate was Ϫ0.0068 g/L. The weighted average storage effect for TG was Ϫ0.0566 g/L ( Table 5 ). The 95% confidence intervals for the weighted average storage effects are also shown in Table 5 .
Only one pair of specimen groups was available for each of the longer storage periods; therefore, only a single estimate for F n avg could be calculated for each. The values of F 3 avg through F 7 avg for each of the analytes are given in Table 6 . Because the several estimates of F 1 and F 2 varied somewhat, we assumed that there would also be some inherent variation in the single estimates available for longer term storage effects. For this reason, we felt that the most reliable estimates of the storage effects for any particular storage time would be those calculated from the weighted regressions relating the magnitudes of the cumulative storage effects to storage time. Fig. 3 illustrates the regressions for storage times 1-2 years and longer, and Table 7 provides the regression parameters for the regression lines shown in Fig. 3 . For cholesterol, the values of F n avg became progressively more negative, and these changes were highly correlated with storage time; r ϭ 0.91 (Fig. 3A) . The slope of the regression line in Fig. 3A indicates that cholesterol values decayed by ϳ0.071 g/L per year over the period indicated in Fig. 3A . In contrast, there was no significant correlation between change in HDL-chol values and storage period ( Fig. 3B and Table 7 ).
The pattern for TGs was different. Overall, there was no significant correlation between the storage effect and storage time. However, inspection of Fig. 3C revealed that F n avg became more negative with storage time for up to 4 -5 years. After this period, however, F n avg tended to increase. Overall, the observations in Fig. 3C The regression equations were calculated without using the 0 -1 year time point because the 0 -1 year data were gathered in separate experiments rather than from the stored AFCAPS/TexCAPS specimens. However, inclusion of this point did not significantly affect the regression patterns because little deterioration was observed after storage for 1 year.
In Table 8 , the lipid and lipoprotein values observed for the baseline specimens in the placebo group before and after correction for the storage effects are compared using the regression equations in Table 7 . For TC, the mean concentration after adjustment for storage effects was 2.346 g/L, or 7.8% higher than the unadjusted mean (2.177 g/L). Because average storage time for all baseline specimens combined was 3.8 years, the decay in TC values amounted to ϳ2% per year. The adjusted mean for TGs was 1.904 g/L, or 10.8% higher than the unadjusted mean, suggesting an overall decay rate of ϳ2.8% per year. The adjusted HDL-chol value was 0.019 g/L higher than the unadjusted mean, but this cannot be considered a significant change because the regression equation used for this calculation showed no significant relationship between storage effect and storage time for HDL-chol.
Discussion
In this report, we present an approach to determining the effects of long-term storage at Ϫ70°C on TC, TG, and HDL-chol values measured in serum. This approach involved determining the mean differences in serial specimens obtained 6 -12 months apart in groups of specimens that had been stored for various periods before analysis. We assumed that the storage effects were additive, i.e., that adding the change that occurred over a 1-year period in specimens that had been stored 1-2 years to the change that occurred over a 1-year period in specimens that had been stored 2-3 years provides an estimate of the change expected to occur between 1 and 3 years. We used this approach because only a single aliquot of each specimen was available from each study subject, and it was not possible to measure storage effects directly in separate aliquots of the same specimens after various storage periods.
The procedure we used depends on several reasonable assumptions. The first is that the study subjects were in the steady state, i.e., the difference in TC, TG, or HDL concentrations in serial specimens from each patient primarily reflect normal biological variation. To this end, we used measurements made in baseline and follow-up specimens from the placebo control group of the AFCAPS/ TexCAPS study. The second assumption was that because of the 3-month diet run-in, any placebo treatment effect would have already occurred and would therefore be negligible in the periods between serial specimens. Under steady-state conditions, the concentration of a particular analyte in the second specimen of each serial specimen pair would be expected to exceed its concentration in the first specimen of the pair in approximately one-half of the subjects and to be lower than the first serial value in the other half. Thus, for a group of subjects in the steady state, there should be no systematic change in the group mean; or stated more precisely, any differences between the group means for serial specimens would expectedly be small and, among the various times studied, should occur in both directions with equal frequency.
These assumptions are supported by previous studies, e.g., the Helsinki Heart Study (24, 25 ) , which used a 3-to 6-week dietary run-in before baseline. There was a 7% reduction in TC and no change in HDL-chol between initiation of diet treatment and baseline, but only minimal and random changes in the placebo group means from baseline to 5 years (24 ), particularly in the patients who were most comparable to those in the present study, i.e., those with increased LDL-chol and normal TG values (25 ) . The LRC Coronary Primary Prevention Trial also used a 3-month dietary run-in in which subjects were placed on a moderate cholesterol-lowering diet before the baseline visit (23 ) . In the placebo group, there was a 4.3% decrease in TC during this period. Between baseline and 12 months, however, there was a further decrease of only 1.3% in TC. Similarly, there was a 1.6% (7 mg/L) decrease in HDL-chol during the diet run-in, but no significant change between baseline and 12 months. TGs decreased by 3.2% in response to diet, but by 12 months they were 5.9% higher than baseline (23 ) . The Cholesterol-Lowering Atherosclerosis Study also reported a 4.5% decrease in TC, no change in HDL-chol, and an 8% decrease in TGs in the diet-treated placebo control group between baseline and 2 years (26 ) . However, the time course of the TC and TG changes cannot be ascertained for that study (a) because the data were not reported in this way; and (b) because "baseline" was defined as the average for the first three screening visits although diet treatment was initiated at the second screening visit (26 ) .
The NHLBI Type II Coronary Intervention Study was conducted in men with high LDL-chol (above the 90th percentile) and coronary heart disease (27 ) . The authors of that study reported decreases in TC, TGs, and HDL-chol of 7%, 15%, and 3.5%, respectively, after treatment with a low-cholesterol, low-saturated fat diet. However, there were no further significant changes in TC and HDL-chol between the postdiet baseline and the averages for 5 years of follow-up, although the 5-year average for TGs was ϳ23% higher than the postdiet baseline. Again, the time course of the diet-induced changes was not entirely clear because the prediet baseline was defined as the mean of two screening visits, and the postdiet baseline as the mean of three postdiet visits at 2-month intervals. The dietary effects appeared to have occurred sometime during the first 6 months of dietary treatment (27 ) .
These studies all revealed greater or lesser effects of diet treatment but suggested that the major changes were seen within 3 months or so. Three of the studies indicated no significant changes in TC or HDL after a dietary run-in of 3-6 months, or any further changes from the 12-month follow-up visits on. In view of these reports, our assumption of no placebo effects on TC and HDL-chol between postdiet baseline and 1 year, therefore, appears to be reasonable, and in any event would not have affected our estimates of storage effects up to 3 years because data from the baseline visits were not used for those calculations.
Baseline data were used to calculate longer term storage effects, however. Because the LRC data suggested that residual dietary effects might occur between the postdiet baseline and 12 months (23 ), we used the LRC findings to allow for this before estimating the storage effects for period longer than 3 years. After this adjustment, any tendency for the mean concentrations of the second specimens of the various serial specimen pairs to decrease with storage was interpreted to be primarily attributable to storage-related changes, provided that the laboratory measurements assays themselves remained stable. Furthermore, based both on the LRC (23 ) and NHLBI Type II (27 ) studies, if a continuous placebo effect had occurred for TGs over the entire follow-up period, the effect should have been to increase rather than decrease TG concentrations.
We attempted to detect storage-related changes in another way. As discussed above, in the steady state, normal within-individual biological variation is observed as random fluctuations in the measured values in serial specimens after adjustment for the analytical component of variation, and is described by the coefficient of biological variation, CV b , for that individual. It might be expected that sample deterioration would produce an increase in the apparent CV b because the fluctuations in serial samples would tend to be in one direction rather than equally distributed about the subject mean. Therefore, the observation of such an increase compared with CV b determined in fresh specimens would have tended to support the occurrence of storage-related changes. We examined this for cholesterol and found a median apparent CV b of 7.14%, or ϳ14% higher than the generally accepted average value of 6.5% (28 ) . Although this difference was in the expected direction, the calculation neither supports nor refutes the occurrence of storage-related changes because estimates of CV b using fresh specimens have varied more than this, from ϳ5% to 8.5% in different studies (29 -38 ) .
The patterns observed in the present study indicated rather consistent downward changes for TC and TGs; these changes occurred in TC over the entire storage period, and in TGs for the first 4 -5 years. For several reasons, these changes could not be attributed to analyt-ical trends occurring during the period of analysis. First, the TC and TG measurements were quite stable during the period in which the stored specimens were analyzed. Indeed, the minor drifts seen in Fig. 2 for these measurements were in the opposite direction to the changes observed in the stored specimens. Second, the order of analysis of the 71 batches of stored specimens had been randomized specifically for the purpose of minimizing the effects of laboratory drift. Third, to minimize the effects of analytical drift further, all serial specimens from a particular subject were analyzed in the same analytical run. Finally, although the six separate estimates for the 1-2 year storage effects for each analyte varied somewhat, these variations appeared to be random. The systematic decreases observed for TC and TGs could therefore be attributed to storage-related deterioration of the specimens themselves.
The patterns of deterioration of TC and TGs were similar in magnitude over the first 5 years. After longer periods, the loss of TGs slowed. The reasons for the deterioration are not entirely clear, but the storage-related hydrolysis of TGs would not explain the observations. Such hydrolysis would have produced partial glycerides and glycerol, which would have increased the TG blank. Because we did not measure TG blanks, however, partial glycerides and free glycerol would have been measured as TGs, and unblanked TG values would not be expected to change during storage. Indeed, it had been specifically decided not to analyze free glycerol or partial glycerides in this study because of the potential for overestimating storage effects by such TG degradation products that may have been generated from TGs during storage.
Storage appeared to affect primarily the non-HDL lipoproteins in serum because there were no consistent storage effects for HDL-chol. It is necessary to consider the extent to which the present findings may be generalized to the long-term stability of banked sera from other studies. In the present study, the appearance of the stored serum specimens after they had been thawed also suggested storage-related changes. Approximately 45% of the specimens stored for 1-2 years were turbid. Sixty-five to 90% of the specimens stored for longer periods were turbid, but there was no consistent relationship between storage time and the occurrence of turbid specimens. In approximately one-third of the turbid specimens, a floating TG-rich layer began to accumulate after the specimens had been allowed to stand undisturbed for a short period. The mean TG concentration for these specimens was Ͻ2.00 g/L, well under the 4.0 -5.0 g/L concentration at which fresh specimens usually are turbid. In our experience, the large proportion of turbid specimens, even at the shortest storage time (1-2 years), was unusual. The reasons underlying their turbidity were not clear because, to our knowledge, the specimens had not thawed during storage. We cannot rule out, however, the possibility that temperature fluctuations may have occurred without overt thawing. Whatever the cause, the behavior of these The equations for the regression lines are given in Table 7 .
specimens can be considered as part of the overall effect of storage on the specimens collected in this particular study. Furthermore, it raises the question of whether the stability of banked specimens from different studies can be taken for granted simply because they may have been stored under similar conditions.
In the present study, we conducted a small pilot study in specimens that formed lipid layers. We detected decreases in the TG concentrations in the infralayer region after the specimens had been allowed to stand for at least 1 h. Because of the tendency for a substantial proportion of the specimens to form layers, we attempted to minimize the possibility of the analyzer aspirating nonhomogeneous samples during the ϳ30-min period required for the analysis of TC and TGs by thoroughly mixing the samples immediately before beginning the analytical run. Despite this precaution, however, this particular storage effect may not have been completely overcome in all specimens.
The literature concerning the effects of long-term storage on serum or plasma HDL-chol measurements is limited and somewhat contradictory. Nanjee and Miller (10 ) evaluated HDL-chol in 93 EDTA plasma specimens stored at Ϫ70°C and in liquid nitrogen for up to 14 months. They found no significant differences, suggesting that storage at the lower temperature conferred no advantage over storage at Ϫ70°C. The HDL-chol values for fresh aliquots of the same specimens were not reported, however. Bachorik et al. (7 ) found that the mean HDLchol in 106 EDTA plasma specimens decreased ϳ2.5% after 1 month and ϳ5% after 1 year at Ϫ70°C, compared with the measurements in fresh samples, and a similar change was observed in a CDC serum control pool that was analyzed with the specimens. In a recent study, Kronenberg et al. (15 ) measured HDL-chol in eight EDTA plasma samples before and after storage for various periods up to 1 year at Ϫ80°C, and found no significant time-related changes in HDL-chol. Bausserman et al. (14 ) similarly reported that HDL-chol measured in serum with the heparin-Mn 2ϩ method was stable for up to 1 year at Ϫ70°C but decreased by ϳ13% in the subsequent 6 months. These authors also found that HDL-chol, as measured with a dextran sulfate method, decreased by ϳ5% after storage for 1 month at the same temperature (14 ) , suggesting that the observed storage effects may be method dependent. Changes in HDL-chol appear to be more easily observed in specimens stored at Ϫ20°C (8 -12, 39 ) , apparently because of storage-related changes in the precipitability of HDL and the apolipoprotein B-containing lipoproteins (39 ) . The findings of these studies generally suggest that if HDL-chol measurements are to be delayed, the specimens are best stored at ultra-low temperatures (i.e., Ϫ70°C or lower). Although the storage-related changes observed at Ϫ20°C might also be expected to occur at lower temperatures, they would occur much more slowly. Indeed, most studies have indicated that HDL-chol is stable for at least 1 year at ultra-low temperatures. Our findings are consistent with this conclusion and further suggest that serum HDL-chol may remain stable for at least 5 years.
TC and TGs are generally thought to be stable in stored specimens, although again, the available data in fresh serum or plasma are limited. Demacker and Jansen (8 ) reported that TC was stable for up to 10 months in sera stored at Ϫ20°C. Stokes et al. (9 ) found no change in TG concentrations and only a slight increase in TC in 60 serum specimens that had been stored for up to 4.5 months at Ϫ15°C. Wood et al. (40 ) reported that TC was stable in EDTA plasma stored for up to 2 years at Ϫ15°C. TC and TGs in EDTA plasma were also reported to be stable at both Ϫ20 and Ϫ70°C for up to ϳ14 months when compared with aliquots of the same specimens stored in liquid nitrogen for the same periods (10 ) . Again, fresh specimen values were not reported in this study. Kronenberg et al. (15 ) reported slight increases in TC and TGs in eight EDTA-plasma specimens after storage for 2 years at Ϫ80°C. Overall, TC and TGs appear to be relatively stable in specimens that have been stored for 1 or 2 years. Our findings are consistent with this. In the present study, however, we also examined longer storage periods in larger numbers of specimens than were used in most of the studies cited above. We found changes consistent with slight but continuous storage-related decreases in TC over 7 years and in TGs over 5 years. On the basis of the regression equations relating cumulative storage effect to storage time, these decreases amounted to ϳ1.7% per year for TC, and ϳ2% per year for TGs.
In summary, we estimated the effects of storage at Ϫ70°C for periods up to 7 years on TC, TGs, and HDL-chol, based on measurements in serial specimens taken 6 months to 1 year apart from a total of Ͼ3000 study subjects and stored for various periods before analysis. The findings indicated that the three analytes were stable when stored at Ϫ70 o C for up to 1 year. After longer periods, there were no consistent storage-related changes in the group mean HDL-chol concentration. There were small but consistent decreases in the group mean TC and TG concentrations, consistent with deterioration of the specimens after longer periods of storage. The degree to which these findings can be quantitatively generalized to other clinical studies is not entirely clear, but the findings suggest that banked sera from different studies should not be assumed to be equally stable despite having been stored under similar conditions. The procedure we used, however, should provide a useful approach for others to estimate long-term storage effects on these or other analytes for which such information may unavailable, available only for relatively short storage periods, or available only for conditions that may differ from those that obtain in any particular study. Storage effects reflect not only the stability of the analyte of interest when handled and stored under ideal conditions, they are the overall consequences of how the specimens in a particular study were actually collected, handled, and stored. This might be expected to vary from study to study, depending on several factors, such as staff training and turnover, unavoidable delays in sample processing, conditions of storage, equipment failures, and other factors. The procedure we propose provides storage-effect estimates that would reflect the cumulative effect of whatever factors operated, and can give study specific estimates of sample deterioration during storage. However, when starting a study, steps should be taken during the planning phase to monitor the stability of specimens for as long as they are likely to be used. It is prudent to assume that the banked specimens in a particular study may in fact deteriorate with time even if the particular analytes of interest are thought to be stable. For example, cholesterol itself is fairly stable, but it is associated with carrier proteins of lesser stability. If the carrier protein is altered such that it precipitates or no longer solubilizes cholesterol, it may be difficult to obtain a representative sample for measurement, which can affect the accuracy of the measurements. For this reason, it is advisable to conduct training sessions for venipuncture technicians, individuals charged with preparing and shipping the specimens to the laboratory, and the laboratory technicians who must receive, handle, and analyze the specimens. The procedures and logistics to be used in the study should be included in a detailed study protocol for specimen acquisition, handling, storage, shipment, and analysis. The training sessions should include a discussion of factors that can affect the stability of specimens in general and of the particular analytes of interest. In addition, it is advisable to monitor the stability of banked specimens in a random subset of specimens that have been stored in aliquots sufficient to be monitored prospectively at intervals for as long as they are likely to be used. This should be done for analytes initially included in the study and those under consideration for measurement in the future. Of course, it is not always possible to predict which analytes may be measured several years later, and in such cases the procedure described in the present report may be useful. Furthermore, information from sample-monitoring protocols conducted in concert with large-scale clinical trials would be useful for developing standard sample handling and storage procedures for long-term studies in which specimens will be banked.
